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Abstract 
We compare different trajectories for C5-free C3 aberration correctors for scanning transmission electron microscopes, and find 
an asymmetric solution that minimizes the CC contributions and power supply stability requirements compared to a symmetric 
one. We further study the field aberrations of a C5-free quadrupole-octupole C3 aberration corrector and find that they are similar 
to those of sextupole C3-correctors in their suitability for wide-beam imaging applications.
  © 2008 Elsevier B.V.
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1. Introduction 
In the last ten years, correctors of spherical aberration have been successfully introduced to electron microscopy.  
They have lowered the attainable resolution by 2-3× compared to uncorrected electron microscopes, and improved 
the current available in a given-size probe by about 10 times.  Two different types of correctors have been 
employed: quadrupole-octupole correctors, which produce adjustable spherical aberration using octupole lenses 
acting on an elliptical electron beam [1, 2], and sextupole-round-lens-sextupole correctors [3,4], which use extended 
sextupoles in which spherical aberration arises as a combination aberration.  The geometric aberration performance 
of a simple quadrupole-octupole corrector is typically limited by fifth-order aberrations, chief among them four-fold 
astigmatism of 5th order (C5,4) of the order of a few cm.  The performance of the sextupole-round lens-sextupole 
corrector is typically limited by six-fold astigmatism of the fifth order (C5,6) of a few mm.  This aberration can be 
reduced, by careful choice of the sextupole length and strength, to around 0.2 mm [5].   No similar reduction by 
changing the octupole lengths and strengths is available for the quadrupole-octupole corrector.  But this type of 
corrector enjoys several other advantages not found in sextupole correctors: low power consumption (typically < 1 
W for 100-300 keV primary energy), less sensitivity to sideways misalignment [6], and ready extension to combined 
geometric/chromatic correction.  These advantages make it worthwhile to investigate more complicated quadrupole-
octupole arrangements that avoid fifth-order limitations. 
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We have previously designed a quadrupole-octupole corrector that causes no strong fifth-order aberration, and 
has 8-fold astigmatism of 7th order (C7,8) of about 1 cm as its most limiting principal aberration [7-9].  In this 
contribution, we compare an optical path arrangement for the new corrector that is skew-symmetric about the 
corrector center with an arrangement that gives up the skew symmetry and is able to produce a lower chromatic 
aberration coefficient.  We also explore the suitability of the asymmetric corrector for broad-beam imaging 
applications, and compare it in this role to the commonly used sextupole-round-lens corrector. 
 
2. Design considerations. 
The ideal location for an aberration corrector in an electron-optical column is at the place where the aberration is 
introduced.  In practice, unfortunately, this usually cannot be achieved.  The resultant separation between where an 
aberration is introduced and where it is removed produces combination aberrations for all aberrations of higher than 
first order.  In the case of third-order aberration (C3≡ Cs) correctors, the physical separation between the objective 
lens which introduces the aberration and its corrector results in fifth-order spherical aberrations (C5). 
 
In the Nion second-generation aberration corrector for scanning transmission electron microscopes (STEMs), we 
minimized this effect by placing the corrector as close as possible to the objective lens, and by keeping the length of 
the corrector to a minimum. This made the resolution-limiting fifth-order aberrations small.  The advantage of the 
approach was that it minimized the complexity of the instrument, and also the chromatic aberration (Cc) of the 
probe-forming column due to the corrector.  The usefulness of the approach was confirmed by the fact that soon 
after its introduction, the corrector established records for the smallest electron probe ever achieved at 120 keV and 
300 keV primary energies [10, 11]. 
 
To produce even smaller probes, C5 must be corrected or at least minimized in addition to C3.   This is best done 
by projecting all the third-order elements (both aberration-causing and aberration-correcting), onto the same optical 
plane [8].  We have designed and built a new C3/C5 quadrupole-octupole corrector that operates on this principle.  
The corrector has 19 elements: 16 quadrupoles and 3 combined quadrupole-octupoles.  The quadrupoles are 
arranged in groups of four (=quadruplets), with one quadruplet each at the entrance and the exit of the corrector, and 
a quadruplet between each neighboring pair of quadrupole-octupoles.  There is also a further quadrupole triplet 
between the corrector and the objective lens.  Together, the quadrupoles provide enough degrees of freedom to 
project the octupoles of the corrector onto each other, and then project them near the objective lens coma-free plane, 
such that the fifth-order aberrations of the entire probe-forming system vanish.  Seventh-order aberrations then 
determine the geometric aberration performance of the column, and typically limit the resolution less than the first-
order chromatic aberration does. 
 
In C3/C5 correctors, there are 33 aberrations that need to be monitored and properly adjusted: C1,0, C1,2a, C1,2b, 
C2,1a etc. through C6,7b (see [2] or [6] for our aberration notation system). They mostly depend non-linearly on the 
transverse and axial alignment of the beam trajectories.  Manual tuning of the corrector, which could still be 
performed by skilled operators for C3-only correctors, is no longer possible.  Accordingly, we have developed 
software that automatically measures and corrects the transverse and axial alignments within the corrector and 
thereby automates the adjustment of higher-order aberrations.  Due to the stability of the corrector, it does not need 
to be readjusted during operation.  The procedure is highly automated, and we expect the practical adjustment of our 
C3/C5 corrector to be easier than the adjustment of a typical non-aberration-corrected electron microscope. 
 
The corrector can be set up for different optical solutions (Fig. 1): a) a skew-symmetric solution, in which the 
beam is elliptical in octupoles one and three and round in octupole two, and the trajectories in the X-Z plane are 
identical to backward-running Y-Z trajectories, and b) an asymmetric solution with a round beam in octupole one 
and elliptical beam in octupoles two and three.  The asymmetric solution has comparable seventh-order aberration 
coefficients (Table 1), of the order of a few cm.  The effect of most of these can be greatly reduced by optimum 
choice of opposing lower-order aberrations [6], which leaves C7,4 and  C7,8 as the most limiting geometric aberrations 
for the symmetric and asymmetric cases, respectively (Table 1). 
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Fig. 1: Axial and field trajectories for two types of optical solutions for the new corrector. The beginning and end of each quadrupole, 
quadrupole-octupole and the round objective lens are marked by the small squares (and diamonds).  The three quadrupole-octupoles, 
schematically denoted by large rectangles, are situated in corrector layers 5, 10 and 15. 
Table 1 
Seventh order and chromatic aberrations for the symmetric and asymmetric optical solutions,  
calculated for an optical system with an objective lens of f=1.5 mm and Cs = 1.0 mm. 
Aberration  [mm] Symmetric case Asymmetric case 
 C7,0 182 82 
 C7,2a 2 18 
 C7,4a -172 -92 
 C7,6a -10 -25 
 C7,8a 1 -12 
 Cc 0.4 0.2 
 
The chromatic aberration Cc is greatly reduced for the asymmetric solution: 0.2 mm, as opposed to the symmetric 
solution’s 0.4 mm.  This comes about because the asymmetric solution decreases the number of strong quadrupoles 
and minimizes the width of the axial beam everywhere except the locations where the beam needs to be wide for the 
correction to be effective in the octupoles.  This optimized trajectory also relaxes the alignment tolerances and 
reduces the sensitivity to power supply instabilities. 
 
The largest usable illumination half-angle for C7,8 of 12 mm and no chromatic limitations is: 
 (1) 
This gives a maximum theoretical illumination half-angle of 62 mrad (nearly 4 degrees) at 200 kV.  However, in 
our system with Cc=1.2 mm and energy spread E=0.35 eV, this is reduced by chromatic effects to about 40 mrad 
and hence a theoretical resolution of 0.4 Å.  In fact, for both the trajectories, the geometric aberrations of the 
corrected system limit the resolution less than the chromatic aberration at all primary voltages of interest (< 1.5 
MeV) at beam energy widths of 0.3 eV and greater. 
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A 40 mrad illumination half-angle will increase the beam current available in given-size probes, and will also 
improve the depth resolution of through-focal 3-D reconstruction.  On the other hand, illumination angles of this 
order will result in a significant portion of the atomic scattering falling within the bright-field cone and thus 
becoming unavailable for high angle annular dark-field (HAADF) imaging, a problem likely to become especially 
severe for light atoms.  This may mean that, just like with high-quality optical cameras, the optimum size of the 
beam-defining aperture in the new system will typically be the one best suited to the task at hand, rather than the 
largest possible.  When this becomes the norm rather than the exception, STEM electron optics will have truly 
progressed beyond the traditional “aberration-limited” era. 
 
3. Using the new corrector in a fixed-beam electron microscope. 
With the correcting elements projected onto the proper plane of the objective lens, it becomes possible to scan the 
beam before the corrector, or to use the same type of corrector for conventional transmission electron microscope 
(CTEM) applications. In order to characterize the performance under these conditions, we need to consider the off-
axial (field) aberrations of the post-sample electron-optical column.  This is best done by extending our axial 
aberration notation system by adding superindices to the axial aberration coefficients, which indicate the change in 
axial aberrations across the sample (or image) plane. Using polar spatial coordinates r,ω defined in the plane of the 




If the superscript suffix is b instead of a, cos1 is replaced by sin. Likewise, if the subscript suffix is b, cos2 is 
replaced by sin.  For rotationally invariant aberrations the a or b suffix is absent and the cos is simply replaced by 1.  
In contrast to the axial aberration subscripts, the field superscripts consist of two numbers both either even or odd. 
 
There are three parameters of particular interest for the CTEM performance of the corrector: the largest field of 
view at full resolution, the largest field of view where the probe size is small relative to the field of view—without 
changing the objective aperture, and, the largest field of view where the probe size is small relative to the field of 
view—when changing the objective aperture. 
 
Table 2 lists calculated values for the significant field aberrations for an aberration-corrected system, using the 
asymmetric trajectories from Fig. 1 and objective lens properties mentioned above. 
Table 2 
Major field aberrations of the new corrector (asymmetric trajectories). 
 Aberration Value Units 
Coma C2,1a1,1a -0.12 m/m 
 C2,3a1,1a 0.22 m/m 
 C2,1b1,1b -0.41 m/m 
 C2,3b1,1b -0.51 m/m 
Defocus C1,02,0 32546.2 m/m2
 C1,02,2a 770.0 m/m2 
 C1,02,2b 0.0 m/m2 
Astigmatism C1,2a2,0 -1003.2 m/m2 
 C1,2a2,2a 34840.5 m/m2 
 C1,2b2,2b -2985.5 m/m2 
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The largest field of view at full resolution is limited by C2,3b1,1b=-0.51 m/m, which represents the linear change in 
threefold astigmatism when moving away from axis. This limits the field of view to 120 nm at the 0.5 Å resolution 
level, or 10,000 pixels width at minimal proper oversampling. Because the field coefficient in C2,3b1,1b is first order, 
the aberration will reduce the resolution linearly if we increase the field of view without decreasing the aperture 
angle, thus the 10,000 pixel width constraint will be preserved for all fields of view. 
 
Going to larger fields of view we run into aberrations that are quadratic in field distance, the dominant ones being 
C1,02,0 (field curvature) and C1,2a2,2a, both being around 3.5×104 m/m2. These aberrations correspond to defocus and 
astigmatism that grow quadratically as we move away from the center of the field of view. If we keep the 40 mrad 
aperture half-angle, the field of view will be limited to 1.2 m for a 4000 pixel image. We can however reduce the 
aperture half-angle to increase our depth of focus making fields of view of several m possible. 
 
Comparing this with a sextupole corrector (using a simple model: 30 mm long sextupoles with a beam width the 
same as in the objective lens), we find that the aberrations limiting the field of view at full resolution are C3,2a1,1a and 
C3,2b1,1b . Both are around 13 m/m and limit the field of view to 200 nm. For larger fields of view, C1,02,0, C1,2a2,2a, 
and C1,2b2,2b, all at 5×103 m/m2 , limit the field of view to 4.5 m for a 4000 pixel image. 
 
In both cases we find the field of view at full resolution is limited by aberrations linear in field location.  For the 
quadrupole-octupole corrector it is threefold astigmatism C2,3b1,1b  that shows up at the edges of the field, for the 
sextupole corrector it is astigmatism of spherical aberration C3,21,1.  At larger fields of view, where it is the ratio of 
probe size to field of view that is of interest, both systems are limited by defocus and astigmatism that grow 
quadratically with distance off axis. This effect can be alleviated by reducing the aperture angle. 
 
4. Summary 
We have compared two different optical solutions for a quadrupole-octupole corrector employing 16 quadrupoles 
and 3 combined quadrupole-octupoles, and found that asymmetric trajectories produce 2x lower chromatic 
aberration Cc than symmetric ones, i.e. 0.2 mm rather than 0.4 mm.  We also compared the maximum field-of-view 
of the new corrector to the field of view of a typical sextupole-round lens-sextupole corrector, and found the two to 
be similar. 
 
The new corrector has been built, found to perform largely as expected [12], and is now being used for probe-
forming applications in several electron microscopes in the field (e.g., [13]). 
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